All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

The natural aquatic light environment fluctuates across space and time. Light intensity follows a sinusoidal oscillation across the day with superimposed rapid fluctuations due to changes in cloud cover, wave focusing, turbidity and vertical mixing\[[@pone.0179395.ref001], [@pone.0179395.ref002]\]. These short term changes can cause light absorption to exceed the capacity of utilization leading to the generation of reactive oxygen species (ROS) such as singlet oxygen (^1^O~2~), hydrogen peroxide (H~2~O~2~), superoxide anions (O~2~^-^) and hydroxyl radicals (OH^-^). These ROS then damage surrounding proteins, pigments and lipids − impairing photosynthetic function and growth \[[@pone.0179395.ref003], [@pone.0179395.ref004]\]. Algae, plants and cyanobacteria dynamically regulate a process termed non-photochemical quenching of light energy (NPQ) to avoid excess damage while maintaining efficient photosynthesis in lower light fluxes. This balance between energy dissipation and light harvesting capacity allows photosynthetic organisms to maintain optimal fitness in diverse environmental niches.

NPQ is comprised of four components that contribute to light energy dissipation as heat \[[@pone.0179395.ref005]--[@pone.0179395.ref008]\]. The components are physiologically distinguished based on their time of induction and relaxation. The slowest component is photoinhibition (qI). qI occurs when the rate of damage to the PSII D1 protein exceeds the rate of its repair and is caused by absorption of light energy in excess of its utilization and NPQ capacity \[[@pone.0179395.ref009]--[@pone.0179395.ref011]\]. Faster forms of NPQ limit the amount of qI that occurs by protecting PSII reaction centers from over excitation. Zeaxanthin-dependent quenching (qZ) occurs on the time scale of tens of minutes and involves the pH dependent accumulation of zeaxanthin in the thylakoid membranes. Zeaxanthin is then hypothesized to enhance the probability of quenching chlorophyll excited states as heat in PSII minor antenna \[[@pone.0179395.ref012]--[@pone.0179395.ref014]\]. State transitions (qT) occur on the time scale of minutes and involves phosphorylation of PSII associated light harvesting complexes (LHCII) \[[@pone.0179395.ref015], [@pone.0179395.ref016]\]. Phosphorylated LHCII can then either aggregate and enter a quenched state or migrate and associate with PSI reaction centers enhancing PSI functional antenna size \[[@pone.0179395.ref017], [@pone.0179395.ref018]\]. The fastest component of NPQ is energy-dependent quenching (qE). qE is induced by luminal acidification and can be rapidly induced and relaxed in seconds to minutes \[[@pone.0179395.ref019], [@pone.0179395.ref020]\]. Each component of NPQ is thought to regulate photosynthetic function in response to different forms and lengths of environmental stress.

qE is the major component of NPQ involved in responding to dynamic increases in light intensity \[[@pone.0179395.ref021]--[@pone.0179395.ref023]\]. *Chlamydomonas* has been instrumental for the characterization of qE in algae. In *Chlamydomonas* three stress related light harvesting complexes (LHCSR1, 3.1 and 3.2) are required for induction of qE \[[@pone.0179395.ref021]\]. LHCSR mediated qE requires luminal acidification \[[@pone.0179395.ref024]\] and the xanthophylls zeaxanthin and lutein \[[@pone.0179395.ref025]\]. *Chlamydomonas* has an atypical violaxanthin de-poxidase which catalyzes the conversion of violaxanthin to zeaxanthin through the xanthophyll cycle \[[@pone.0179395.ref026]\]. LHCSR, unlike its functional analog in plants − PSBS, can bind chlorophylls and has limited quenching activity *in vitro* that is enhanced upon protonation in excess light\[[@pone.0179395.ref027], [@pone.0179395.ref028]\].

LHCSRs accumulate in response to excess light \[[@pone.0179395.ref021], [@pone.0179395.ref029]\] and the deprivation of CO~2~ \[[@pone.0179395.ref030], [@pone.0179395.ref031]\], sulphur \[[@pone.0179395.ref032]\], and iron \[[@pone.0179395.ref033]\]. Characterization of the qE-deficient *npq4* (Lacks LHCSR3.1 and LHCSR3.2) mutant in *Chlamydomonas* has demonstrated the importance of qE in limiting photoinhibition, ROS generation and cell death during a shift from low light to high light \[[@pone.0179395.ref021]--[@pone.0179395.ref023]\], but little is known about the impact that complete loss of qE has on cell growth and photophysiology under excess light conditions or in natural day/night cycles.

Here we report on our observations of the complete LHCSR knockout, *npq4lhcsr1* \[[@pone.0179395.ref034], [@pone.0179395.ref035]\]. We sought to investigate the impact of no LHCSR, and hence no qE, on photophysiology and cell growth in constant excess light and in a sinusoidal light regime that mimics natural changes in light, specifically as photosynthetically active radiation. We observed the expected reductions in photosynthetic capacity and cell physiology associated with growth in constant excess light for the mutant vs. wild type. Surprisingly, *npq4lhcsr1* did not display significant photoinhibition of photosynthesis in conditions that mimic natural light conditions and reduced daily growth rates were due to reduced cell divisions at night. We discuss the implications of these results for strategies to increase biofuel yields in industrial cultures of algae.

Materials and methods {#sec002}
=====================

Strains {#sec003}
-------

The *Chlamydomonas reinhardtii* 4A+ strain (137c genetic background) was used as wild type strain. The *npq4lhcsr1* mutant was made in the 4A+ genetic background and does not produce any detectable LHCSR protein \[[@pone.0179395.ref035]\]. Both strains were obtained from Krishna Niyogi, University of California, Berkeley.

Growth rates {#sec004}
------------

Exponential growth rates were determined from tracking cell density for 2--3 days. Growth rates, μ, were calculated by linear regression using the exponential growth equation $\mu = \frac{{\ln\left( F \right)} - ln\left( I \right)}{\Delta t}$ where *F* is the final cell concentration, *I* the initial cell concentration, μ is the specific growth rate (d^-1^) and *t* time in days \[[@pone.0179395.ref036]\]. Cell densities were determined using the Accuri C6 flow cytometer (BD). Samples were passed through a 30 μm pre-filter (MACS Miltenyi, 130-041-407) prior to each run to remove debris. Each count was performed for 60 seconds using a flow rate of 35 μl min^-1^ and a core size of 14 μm. *Chlamydomonas* cells were identified as chlorophyll autofluorescence particles via excitation and emission at 640 and 675 ± 25 nm, respectively.

Culture conditions {#sec005}
------------------

All experiments were performed on axenic, photoautotrophically grown cultures using TP media at 25°C \[[@pone.0179395.ref037]\]. Each experiment started with an inoculation of between 10,000--50,000 cells ml^-1^ from a stock culture acclimated for at least 10 generations in their respective light environment. Cells for the continuous light experiments were grown in 250 ml glass Erlenmeyer flask containing 100 mL of media and shaken at 150 RPM. Continuous light cultures were grown under 50, 400 or 860 μmol photons m^-2^ s^-1^ of Photosynthetically Active Radiation (PAR light supplied by cool white fluorescent bulbs (Phillips, F17T8/TL841). Light fluxes were measured using a 2pi, LICOR LI-250A light sensor.

Growth and physiology in sinusoidal light conditions were characterized using a Phenometrics ePBR with a custom, autoclavable glass culture vessel \[[@pone.0179395.ref038], [@pone.0179395.ref039]\]. Cells were grown in 500 mL of TP mixed by a stir bar running at 500 RPM and sparged with 0.45 μm filtered air supplied at 1 L min^-1^. Cultures were illuminated with a white LED light programmed to follow a 12:12 light:dark cycle. Light intensity was programmed to either follow a square wave function with light intensity equaling 2134 μmol photons m^-2^ s^-1^ of photosynthetically active radiation (PAR) or to follow a sinusoidal light pattern peaking at 2134 μmol photons m^-2^ s^-1^ of PAR at the top of a 24 cm water column and 370 μmol photons m^-2^ s^-1^ at the bottom of the culture 6 hours after dawn (4pi Walz ULM-500 light meter, [Fig 1B](#pone.0179395.g001){ref-type="fig"}). The light intensity for either position can be approximated for *t* hours after dawn as follows: $$Lightflux\ \left( t \right)\left. = A_{max} \cdot {\sin\left( \pi \bullet t \right.} \cdot \frac{1}{12} \right)$$ *where A*~*max*~ = 2134 *or* 370 μmol photons m^−2^ s^−1^, and t = hours after dawn.

![*npq4lhcsr1* lacks detectable LHCSR and rapidly reversible NPQ.\
(A) Immunoblot analysis of LHCSR and D2 protein of the photosystem II reaction center from cultures acclimated to a continuous irradiance of 50 μmol photons m^-2^ s^-1^ and 400 μmol photons m^-2^ s^-1^. 0.77 nmol of chlorophyll was loaded in each lane. (B-C) Wild type (black circles) and the *npq4lhcsr1* (white squares) mutant cultures acclimated to 50 μmol photons m^-2^ s^-1^ (B) and 400 μmol photons m^-2^ s^-1^ (C) when exposed to a red actinic light level of 2005 μmol photons m^-2^ s^-1^ (white bar) followed by 10 minutes darkness (black bar) and far red light illumination to re-associate LHCII with PSII (state 1 transition) by preferentially driving PSI charge separation. Data represents means ± s.d. (n = 3).](pone.0179395.g001){#pone.0179395.g001}

See Jallet et al. (2016) for a full description and diagram of the ePBR culturing set up and Lucker et al. (2014) for the light spectra associated with these LEDs vs cool white fluorescent bulbs \[[@pone.0179395.ref038], [@pone.0179395.ref039]\].

Analyses of chlorophyll fluorescence parameters in steady state {#sec006}
---------------------------------------------------------------

Chlorophyll fluorescence measurements of *Chlamydomonas* were performed using a Dual-PAM (Walz). All measurements were made using a blue measuring light (460 nm, intensity setting 4) and red actinic light (620 nm). 5 ml of culture in exponential growth phase (ranging from 450,000 cells ml^-1^ to 750,000 cells ml^-1^) was agitated in a 50 mL beaker for 20 minutes prior to each measurement. Cells were then collected by gently filtering onto a 13 mm diameter glass fiber filter (Millipore, AP2501300) that was then placed in the Dual-PAM's leaf clip \[[@pone.0179395.ref021]\]. PSII quantum efficiency was measured as $\frac{F_{m} - F_{o}}{F_{m}}$, where *F*~*m*~ is the maximum PSII fluorescence obtained with a red saturating pulse (620 nm, 600 ms duration, 10,000 μmol photons m^-2^ s^-1^) and *F*~*o*~, the minimum fluorescence obtained after 10 minutes of far red light (intensity setting 10) to ensure a state 1 transition \[[@pone.0179395.ref021]\]. Cells were then illuminated with either 600 μmol photons m^-2^ s^-1^ or 2005 μmol photons m^-2^ s^-1^ for 10 minutes. Saturating pulses were applied every minute during illumination. The actinic light was turned off, and the cells were re-illuminated with far red light and saturating pulses were applied every 2 minutes for 10 minutes. NPQ was calculated as $NPQ = \frac{F_{m}^{\prime} - F_{m}}{F_{m}^{\prime}}$ where *F*~*m*~*'* is the maximum fluorescence measured in the light-adapted state (during or after actinic light illumination). Closed PSII reaction centers were calculated as 1-qL, assuming the lake model \[[@pone.0179395.ref040], [@pone.0179395.ref041]\]. $qL = \frac{({F_{m}^{\prime}/{F)}}}{\left( {F_{m} - F_{o}} \right)} \bullet \frac{F_{o}^{\prime}}{F}$ with *F* representing fluorescence in the illuminated state and *Fo'*, representing an approximation of the minimum fluorescence obtainable in an illuminated state, is calculated as *Fo'* = $\frac{F_{o}}{(\left( {{{F_{m}^{\prime} - F_{m}}/}F_{m}} \right) + {F_{o}/{F_{m})}}}$ \[[@pone.0179395.ref040], [@pone.0179395.ref041]\].

Simultaneous measurements of chlorophyll fluorescence and oxygen evolution {#sec007}
--------------------------------------------------------------------------

Cultures in late exponential (450,000 cells ml^-1^ to 750,000 cells ml^-1^) were collected by centrifugation at 1500 x g for 5 minutes at 25°C. The supernatant was discarded. The pellet was then re-suspended in TP media supplemented with freshly prepared NaHCO~3~ to final concentration of 5 mM. Cell density was adjusted to 4 ± 1 μM chlorophyll. One ml of these cells was transferred into a homemade 1 cm diameter cylindrical quartz cuvette with a magnetic stir bar. Cells were dark acclimated for 15 minutes then sealed in the cuvette using a custom 3D-printed plastic stopper fitted with a FireSting dark-coated robust probe (OXROB10) \[[@pone.0179395.ref039]\]. Dark respiration rates were recorded for 5 minutes before turning on the Dual-PAM far red light (intensity setting 20) for 10 minutes to induce a state 1 transition \[[@pone.0179395.ref021]\]. An initial red saturating pulse (620 nm, 600 ms, 10,000 μmol photons m^-2^ s^-1^) was used to measure maximum PSII quantum efficiency (as described above) followed by a rapid light curve (RLC) of increasing 60-second actinic red light steps punctuated by saturating pulses. The assayed actinic light steps included 8, 19, 33, 56, 80, 106, 143, 191, 250, 323, 407, 505, 635, 783, 1203, 1850 μmol photons m^-2^ s^-1^ (measured with a 4pi Walz ULM-500 light meter). Gross oxygen evolution rates were determined based on the sum of the net oxygen evolution rates over the last 45 seconds of each light step and the absolute value of the dark respiration rates. The maximum oxygen evolution rate (P~max~), the light limited slope (α) and the irradiance at saturation (I~K~) was determined by fitting oxygen evolution rates (nmol O~2~ cell^-1^ min^-1^) vs irradiance to the exponential difference equation described by Platt et al. (1980) using the curve fitting tool described in Ritchie (2008) \[[@pone.0179395.ref042], [@pone.0179395.ref043]\].

Dark respiration rates at night in sinusoidal light cultures {#sec008}
------------------------------------------------------------

Dark respiration rates we measured ex-situ, using the apparatus described above, on late exponential cultures (ranging from 450,000 cells ml^-1^ to 1,500,000 cells ml^-1^). Respiration rates were measured immediately after sampling at 20 minutes before and after the dark period and 0.5, 1.5, 3, 6, 9, 10.5 and 11.5 hour after dusk.

Chlorophyll fluorescence parameters during growth in sinusoidal conditions {#sec009}
--------------------------------------------------------------------------

PSII fluorescence induction profiles across the sinusoidal light period were measured using a Fluorescence Induction and Relaxation Fluorometer (FIRe, Satlantic) using a blue (450 nm with a 30 nm band-width) LED to excite chlorophyll *a*. A saturating (5 x 10^4^ μmol photons m^-2^ s^-1^) single turnover flash (80 μs) and multiple turnover flash (20 ms) were used to calculate the effective quantum yield of PSII (*F*~*v*~/*F*~*m*~), the relative functional antenna size of PSII (sigma~PSII~) and the re-oxidation kinetics of the quinone Q~B~ (τ) as described in Kolber et al. 1998 \[[@pone.0179395.ref044]\]. *Chlamydomonas* cells (600,000 cells ml^-1^ to 1,000,000 cells ml^-1^) were collected from the ePBR photobioreactors and measured within 1 minute using a FIRe fluorometer (Satlantic). We used the MATLAB software and the FIReWORX script (Audrey Barnett, <http://sourceforge.net/project/fireworx/>) with instrument specific light calibrations factors to extract fluorescence parameters, *F*~*o*~ and *F*~*m*,~ and fit the fluorescence induction and relaxation curves generated.

Lipid peroxides {#sec010}
---------------

Lipid peroxidation was estimated by measuring the formation of thiobarbituric acid-reactive substances (TBARS) \[[@pone.0179395.ref045], [@pone.0179395.ref046]\]. 1 x 10^7^ cells were harvested during exponential growth phase (600,000 cells ml^-1^ to 1,000,000 cells ml^-1^). We added 0.01% (w/v) butylated hydroxytoluene (BHT, Sigma-Aldrich) to each sample prior to freezing at -80°C to arrest lipid peroxidation. Thawed cell samples were pelleted at 3220 x g for 5 minutes at 4°C after the addition of 0.01%, final concentration, TWEEN 20 (Sigma-Aldrich). Cell pellets were re-suspended in 1 ml ice-cold 80:20 (v/v) ethanol:water and lysed using sonication for 10 seconds (Q55 QSonica probe sonicator, 50% duty cycle). After sonication, 750 μL of homogenate was added to a 9 ml glass screw top test tube with 750 μL of either a +TBA solution (20.0% trichloracetic acid, 0.01% butylated hydroxytoluene, and 0.65% 2-thiobarbituric acid, all w/v, Sigma-Aldrich) or a -TBA solution. Samples were then heated to 95°C in a water bath for 25 minutes and then cooled to room temperature. One mL of this solution was transferred to a centrifuge tube and clarified by centrifugation at 10,000 x g for 5 minutes at room temperature. TBARS in the supernatant was determined by absorbance at 532 nm with a correction for nonspecific absorbance at 440 nm and 600 nm and normalized per 1 x 10^7^ cells \[[@pone.0179395.ref046]\].

Pigment concentration {#sec011}
---------------------

Cells were initially harvested as described in the simultaneous measurements of chlorophyll fluorescence and oxygen evolution. TWEEN 20 (0.01% final concentration, Sigma-Aldrich, p7949) was added to 1 mL of culture and the cells were centrifuged at 10,000 x g for 10 minutes at 4°C. The supernatant was removed. Chlorophylls were then extracted for 10 minutes in 80% buffered acetone with 50 mM HEPES, pH 7.5 and then cell debris was removed by centrifugation at 10,000 x g for 5 minutes \[[@pone.0179395.ref047]\]. Chlorophyll *a* and *b* concentrations were determined by spectrophotometry using established extinction coefficients \[[@pone.0179395.ref047]\].

Cell volumes {#sec012}
------------

*Chlamydomonas* cell volumes were determined assuming a prolate spheroid shape \[[@pone.0179395.ref048]\]. Cell dimensions were determined from at least 100 size-calibrated cell images from a Leica DM5500 B microscope using imageJ \[[@pone.0179395.ref049]\].

Total organic carbon {#sec013}
--------------------

Total organic carbon (TOC) per cell were determined using a Shimadzu TOC-L Laboratory Total Organic Carbon analyzer. 9.5 x 10^6^ to 15 x 10^6^ cells were harvested from low density cultures (ranging from 450,000 cells ml^-1^ to 1,600,000 cells ml^-1^) by centrifugation (at 3,220 x g for 5 minutes at 25°C) in acid washed (10% HCl) 50 ml conical centrifuge tubes. Cell pellets were rinsed twice with an isotonic (0.523 mM NaCl) solution, re-suspended in 20 ml of 0.523 mM NaCl and then stored at -80°C. Samples were thawed on the day of analysis and 5 x 10^6^ cells were diluted with water (18.2 MΩ) to a final volume of 40 ml in TOC glass vials (Sigma-Aldrich). Sample blanks were prepared using an equal volume of isotonic salt solution and water. Measurements and a calibration curves were made for Total Carbon (TC), and Inorganic Carbon (IC). Blank and internal controls with known TC or IC were tested throughout an individual set as a control. Each sample was measured sequentially in technical duplicate using a 100 μl injection volume for TC and IC measurements. TOC per cell were calculated based on the manufacturer's instructions (Shimadzu Application News no. 049) as follows: $${TC}_{cells} = \frac{{TC}_{sample}–{TC}_{blank}}{Cells\ in\ diluted\ sample}$$ $${IC}_{cells} = \frac{{IC}_{sample}–{IC}_{blank}}{Cells\ in\ diluted\ sample}$$ $${TOC}_{cells} = {IC}_{sample}–{IC}_{blank}$$

Carbon accumulation across the day was calculated by subtracting TOC per cell at dawn from TOC per cell at dusk within each biological replicate.

Cell division frequency measurements {#sec014}
------------------------------------

Division frequency and average division number under sinusoidal conditions was determined as previously described \[[@pone.0179395.ref050]\], but with some modifications. 300 μl of each culture were harvested at the start of the dark period and plated on TP agar plates (1.5%). Plates were incubated for 24--30 hours in the dark and scored by counting 300--400 cell clusters with each cluster representing the progeny from one mother cell after dark incubation. The number of cells per cluster was used to determine the division number, n, for the multiple-fission events occuring during the night \[[@pone.0179395.ref051]\].

Immunoblot analysis {#sec015}
-------------------

Cells were harvested in exponential growth phase (ranging from 450,000 cells ml^-1^ to 750,000 cells ml^-1^) by centrifugation (1,800 x g for 4 minutes at 25°C). Samples were then prepared and ran on pre-cast Novex 10--20% tris-glycine gels (EC6135BOX) as described in Peers et al. 2009 with the following modifications \[[@pone.0179395.ref021]\]. Membranes were blocked overnight with 3% milk in TBS with 1% TWEEN 20 (Sigma-Aldrich, P7949) and then incubated with anti-LHCSR polyclonal antibody \[[@pone.0179395.ref052]\], anti-D2 antibody (PsbD, Agrisera \#AS06146), anti-PsaC antibody (Agrisera \#AS10939), anti-Lhcb2 (Agrisera \#AS01003) diluted 1:2,000, or anti-ATP-B (Agrisera \#AS05085) diluted 1:5,000, in a 0.5% milk TBS solution. Membranes were incubated with each respective antibody for one hour and then rinsed four times for 5 minutes. Band detection was performed using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific, \#34095) according to the manufacturer's protocol. 0.77 nmol total chlorophyll was loaded for immunoblots of LHCSR. 0.075 nmol total chlorophyll was loaded for immunoblots of D2 and PsaC. 0.2 nmol total chlorophyll was loaded for Lhcb2 immunoblots. Protein abundance was determined by the band intensity using the imageJ software, version 1.48 (<http://imagej.nih.gov/ij/>). Relative abundances for D2, PsaC and Lhcb2 are based on an in gel dilution series (25, 50, 100, 150% of WT). Relative abundance was normalized within samples to ATP-B.

Statististics {#sec016}
-------------

Measurements were made on at least three independent cultures except for cell division frequency measurements. An un-paired Student's t-test was performed to compare *npq4lhcsr1* to wild type (SigmaStat).

Results {#sec017}
=======

Growth rates of wild type and the *npq4lhcsr1* mutant under continuous and sinusoidal light regimes {#sec018}
---------------------------------------------------------------------------------------------------

*Chlamydomonas* cultures were acclimated for at least 10 generations to constant light conditions before physiological characterization. The *npq4lhcsr1* mutant obtained did not have any detectable LHCSR protein expression ([Fig 1A](#pone.0179395.g001){ref-type="fig"}) and no rapidly inducible NPQ when acclimated to 400 μmol photons m^-2^ s^-1^ ([Fig 1C](#pone.0179395.g001){ref-type="fig"}). There was also no rapidly inducible NPQ observed in either wild type and *npq4lhcsr1* cells acclimated to 50 μmol photons m^-2^ s^-1^.

We tested the effects of qE loss on cell physiology using five light regimes. To test if qE is required for rapid growth in continuous excess light, cultures were grown under continuous irradiance of 50, 400 and 860 μmol photons m^-2^ s^-1^. Under continuous irradiances wild type growth rate was highest at 400 and 860 μmol photons m^-2^ s^-1^ ([Fig 2A](#pone.0179395.g002){ref-type="fig"}). However, the measured growth rates were reduced by 11% in *npq4lhcsr1* relative to wild type at the highest irradiance (p\<0.05). To test the requirement of qE for growth in a sinusoidal light regime, we grew cells in a simulated "natural" light regime with a 12:12 light:dark cycle and a peak light intensity of 2134 μmol photons m^-2^ s^-1^ at the top of the water column ([Fig 2B](#pone.0179395.g002){ref-type="fig"}). We note that the light gradient found in the ePBR system resulted in light environments that rapidly changed (\<10s) between the measured surface and bottom irradiances ([Fig 2B](#pone.0179395.g002){ref-type="fig"}). Growth in this sinusoidal light regime reduced the daily growth rate of *npq4lhcsr1* to 23% relative to wild type ([Fig 1A](#pone.0179395.g001){ref-type="fig"}). However, strains grown in 12 hours 2134 μmol photons m^-2^ s^-1^ light, 12 hours dark in a ePBR grew at the same rate ([S4 Fig](#pone.0179395.s004){ref-type="supplementary-material"}).

![*npq4lhcsr1* growth rate under continuous and sinusoidal conditions.\
(A) *Chlamydomonas* exponential growth rates determined by cell counts collected over 2--3 days of growth. Symbols (\*) represent significant differences from wild type within light acclimated states based on an un-paired t-test (p \< 0.05). Data represents means + s.d. (n = 7--9) (B) Light levels measured across the 12:12 light dark cycle used for the sinusoidal light regime.](pone.0179395.g002){#pone.0179395.g002}

Chlorophyll content of wild type and *npq4lhcsr1* under continuous and sinusoidal light regimes {#sec019}
-----------------------------------------------------------------------------------------------

Wild type cultures reduced their total chlorophyll content with increasing irradiances under continuous light acclimated conditions ([Table 1](#pone.0179395.t001){ref-type="table"}). This ranged from 1.25 ± 0.09 fmol chlorophyll cell^-1^ at 50 μmol photons m^-2^ s^-1^ to 0.27 ± 0.05 fmol chlorophyll cell^-1^ under 850 μmol photons m^-2^ s^-1^ representing a 78% reduction. Wild type cells grown in the sinusoidal regime and harvested 6 hours after dawn contained 1.15 fmol chlorophyll cell^-1^.

10.1371/journal.pone.0179395.t001

###### Effects of acclimation state on *npq4lhcsr1* physiology.

![](pone.0179395.t001){#pone.0179395.t001g}

  ----------------------- --------------- ------------------------------ ----------------
                          Units           50 μmol photons m^-2^ s^-1^    
                                          wild type                      *npq4lhcsr1*
  Chlorophyll *a* + *b*   fmol cell^-1^   1.25 ± 0.09                    1.09 ± 0.15
  Chlorophyll *a*         fmol cell^-1^   0.92 ± 0.06                    0.79 ± 0.10
  Chlorophyll *a*:*b*     mol:mol         2.76 ± 0.04                    2.66 ± 0.21
                          Units           400 μmol photons m^-2^ s^-1^   
                                          wild type                      *npq4lhcsr1*
  Chlorophyll *a* + *b*   fmol cell^-1^   0.57 ± 0.03                    0.64 ± 0.09
  Chlorophyll *a*         fmol cell^-1^   0.43 ± 0.03                    0.47 ± 0.07
  Chlorophyll *a*:*b*     mol:mol         3.02 ± 0.09                    2.69 ± 0.07 \*
                          Units           860 μmol photons m^-2^ s^-1^   
                                          wild type                      *npq4lhcsr1*
  Chlorophyll *a* + *b*   fmol cell^-1^   0.27 ± 0.05                    0.31 ± 0.05
  Chlorophyll *a*         fmol cell^-1^   0.20 ± 0.04                    0.22 ± 0.03
  Chlorophyll *a*:*b*     mol:mol         2.89 ± 0.28                    2.51 ± 0.10
                          Units           Sinusoidal light regime        
                                          wild type                      *npq4lhcsr1*
  Chlorophyll *a* + *b*   fmol cell^-1^   1.15 ± 0.19                    1.30 ± 0.18
  Chlorophyll *a*         fmol cell^-1^   0.89 ± 0.15                    0.98 ± 0.13
  Chlorophyll *a*:*b*     mol:mol         3.49 ± 0.08                    3.07 ± 0.05\*
  ----------------------- --------------- ------------------------------ ----------------

Data represents the mean ± s.d. (n = 3).

Symbols (\*) represent significant differences from wild type within light acclimated states based on an un-paired t-test (p \< 0.05).

The chlorophyll *a*:*b* ratio can be used to assess *Chlamydomonas's* photoacclimation response. Chlorophyll *b* is only found in the photosynthetic antenna proteins and thus higher ratios of chlorophyll *a*:*b* indicate a reduction in antenna size \[[@pone.0179395.ref001]\]. At 50 μmol photons m^-2^ s^-1^ the chlorophyll *a*:*b* ratio was statistically identical between wild type and *npq4lhcsr1* (p \> 0.05). We observed some reductions in the ratio between the mutant and wild type at higher light levels, but this was only statistically significant in cultures acclimated to 400 μmol photons m^-2^ s^-1^ ([Table 1](#pone.0179395.t001){ref-type="table"}). 6 hours after dawn in the sinusoidal light regime, the *npq4lhcsr1* chlorophyll *a*:*b* ratio was significantly reduced compared to wild type cells.

Photosynthetic responses of wild type and *npq4lhcsr1* {#sec020}
------------------------------------------------------

Significant reductions in maximum PSII quantum yield (*F*~*v*~*/F*~*m*~) for *npq4lhcsr1* cells grown under 400 and 860 μmol photons m^-2^ s^-1^ correlated with a significant reduction in the maximum oxygen evolution rate per cell (P~max~) only under 860 μmol photons m^-2^ s^-1^ ([Table 2](#pone.0179395.t002){ref-type="table"}). I~K~ and α remained the same between each strain in our excess light conditions. NPQ capacity in wild type increased between high and low light grown cells with similar levels of maximum NPQ observed between cultures acclimated to continuous irradiances of 400 and 860 μmol photons m^-2^ s^-1^ ([Fig 3E--3G](#pone.0179395.g003){ref-type="fig"}). NPQ capacity was reduced in *npq4lhcsr1* compared to wild type in all conditions. NPQ capacity was found to be rapidly reversible in the dark for wild type cells, suggesting most of the NPQ was due to qE. In the *npq4lhcsr1* strain little of the observed NPQ was reversible in the dark, suggesting photoinhibition (qI). These results are shown in [S1 Fig](#pone.0179395.s001){ref-type="supplementary-material"}.

![Photosynthesis vs Irradiance (P vs I) curves for wild type and *npq4lhcsr1* acclimated to different light regimes.\
Wild type (black circles) and the *npq4lhcsr1* mutant (white squares) acclimated to either 50, 400, 860 μmol photons m^-2-^ s^-1^ or a sinusoidal light regime (data collected 6 hours after dawn) were exposed to consecutive, increasing intensities of red light. Oxygen concentrations and PAM fluorescence were measured simultaneously. Data represent means ± s.d. (n = 3--6).](pone.0179395.g003){#pone.0179395.g003}

10.1371/journal.pone.0179395.t002

###### Effects of acclimation state on *npq4lhcsr1* photophysiology.

![](pone.0179395.t002){#pone.0179395.t002g}

  -------------------------------------------------------- -------------------------------- ---------------------------------
  Parameters                                               50 μmol photons m^-2^ s^-1^      
                                                           wild type                        *npq4lhcsr1*
  Photosystem II efficiency (*F*~*v*~*/F*~*m*~)            0.61 ± 0.02                      0.59 ± 0.01
  Pmax[^a^](#t002fn001){ref-type="table-fn"}               ND                               ND
  α[^b^](#t002fn002){ref-type="table-fn"}                  ND                               ND
  I~K~[^c^](#t002fn003){ref-type="table-fn"}               ND                               ND
  Dark Respiration[^d^](#t002fn004){ref-type="table-fn"}   8.4 x 10^−7^ ± 3.1 x 10^−7^ \*   1.1 x 10^−6^ ± 1.3 x 10^−7^ \*
  Parameters                                               400 μmol photons m^-2^ s^-1^      
                                                           wild type                        *npq4lhcsr1*
  Photosystem II efficiency (*F*~*v*~*/F*~*m*~)            0.54 ± 0.01                      0.47 ± 0.03 \*
  Pmax[^a^](#t002fn001){ref-type="table-fn"}               7.9 x 10^−7^ ± 1.5 x 10^−7^      6.5 x 10^−7^ ± 1.5 x 10^−7^
  α[^b^](#t002fn002){ref-type="table-fn"}                  3.2 x 10^−2^ ± 0.3 x 10^−2^      2.2 x 10^−2^ ± 0.8 x 10^−2^
  I~K~[^c^](#t002fn003){ref-type="table-fn"}               299 ±35                          313 ± 84
  Dark Respiration[^d^](#t002fn004){ref-type="table-fn"}   4.3 x 10^−7^ ± 1.2 x 10^−7^      4.6. x 10^−7^ ± 6.5 x 10^−8^
  Parameters                                               860 μmol photons m^-2^ s^-1^      
                                                           wild type                        *npq4lhcsr1*
  Photosystem II efficiency (*F*~*v*~*/F*~*m*~)            0.46 ± 0.03                      0.31 ± 0.14 \*
  Pmax[^a^](#t002fn001){ref-type="table-fn"}               1.3 x 10^−6^ ± 1.3 x 10^−7^      9.0 x 10^−7^ ± 1.7 x 10^−7^ \*
  α[^b^](#t002fn002){ref-type="table-fn"}                  3.1 x 10^−2^ ± 1.0 x 10^−2^      2.1 x 10^−2^ ± 0.5 x 10^−2^
  I~K~[^c^](#t002fn003){ref-type="table-fn"}               513 ± 143                        439 ± 120
  Dark Respiration[^d^](#t002fn004){ref-type="table-fn"}   6.9 x 10^−7^ ± 5.1 x 10^−8^      5.1 x 10^−7^ ± 1.3 x 10^−7^
  Parameters                                               Sinusoidal light regime           
                                                           wild type                        *npq4lhcsr1*
  Photosystem II efficiency (*F*~*v*~*/F*~*m*~)            0.66 ± 0.01                      0.62 ± 0.02 \*
  Pmax[^a^](#t002fn001){ref-type="table-fn"}               2.7 x 10^−6^ ± 3.0 x 10^−7^      5.7 x 10^−6^ ± 3.8 x 10^−7^ \*
  α[^b^](#t002fn002){ref-type="table-fn"}                  3.4 x 10^−2^ ± 0.5 x 10^−2^      2.4 x 10^−2^ ± 0.3 x 10^−2^ \*
  I~K~[^c^](#t002fn003){ref-type="table-fn"}               380± 102                         711 ± 60 \*
  Dark Respiration[^d^](#t002fn004){ref-type="table-fn"}   5.4 x 10^−7^ ± 1.2 x 10^−7^      9.16 x 10^−7^ ± 1.7 x 10^−7^ \*
  -------------------------------------------------------- -------------------------------- ---------------------------------

^a^Pmax (nmole O~2~ evolved min^-1^ cell^-1^)

^b^α ((nmole O~2~ evolved min^-1^ cell^-1^)/(μmol photons per m^2^))

^c^I~K~ (μmol photons per m^2^) and

^d^Dark respiration (nmol O~2~ consumed cell^-1^ min^-1^) were collected as described in the materials and methods. Low light acclimated samples had insufficient points for the accurate calculation of Pmax, α and I~K~ (not determined---ND). Values determined for sinusoidal light regime reflect samples measured 6 hours after dawn. Data represents the mean ± s.d. (n = 3--6).

Symbols (\*) represent significant differences from wild type within light acclimated states based on an un-paired t-test (p \< 0.05).

There was no statistically significant change in the 1-qL parameter between the two strains ([Fig 3I--3L](#pone.0179395.g003){ref-type="fig"}). 1-qL appeared to saturate at lower light intensities for cells grown at 50 vs 400 and 860 μmol photons m^-2^ s^-1^. Unfortunately, the small number of data points collected at low light fluxes did not permit the calculation of P~max~, I~k~ or α parameters for cells grown at 50 μmol photons m^-2^ s^-1^.

We characterized the photophysiology of cells grown in sinusoidal light conditions as well. Measurements taken 6 hours into the light period indicated only small reductions in the maximum PSII quantum yield (*F*~*v*~*/F*~*m*~, [Table 2](#pone.0179395.t002){ref-type="table"}) in the mutant compared to the wild type. *npq4lhcsr1* displayed a significant increase in P~max~ and I~K~ and a decreased α compared to wild type ([Table 2](#pone.0179395.t002){ref-type="table"}). NPQ capacity was reduced in *npq4lhcsr1* compared to wild type and there was no change in the 1-qL parameter between the two strains ([Fig 3](#pone.0179395.g003){ref-type="fig"}).

Immunoblot based quantification of the PSII subunit D2, the PSI subunit PsaC and the PSII associated light harvesting complex Lhcb2 was also used to assess differences in photosynthetic architecture during growth in sinusoidal light. Relative protein content was normalized to the abundance of the beta subunit of ATP synthase (ATP-B). *npq4lhcsr1* displayed significantly more D2 subunit relative to wild type, suggesting an increase in the overall PSII:PSI ratio ([Fig 4B](#pone.0179395.g004){ref-type="fig"}). The relative abundance of Lhcb2 did not differ between the mutant and wild type.

![Protein abundance of D2, PsaC and Lhcb2 6 hours after dawn in sinusoidal cultures.\
(A) Immunoblot detection of D2, PsaC, and Lhcb2 for wild type and *npq4lhcsr1*. Lanes were loaded on an equal chlorophyll basis with biological replicates for wild type and *npq4lhcsr1* shown as A, B, and C. (B) Results from comparative densitometry of relative protein abundance normalized to ATP-B content. Data represent means ± s.d. (n = 3). Symbols (\*) represent significant differences between mutant and wild type based on an un-paired t-test (p \< 0.05).](pone.0179395.g004){#pone.0179395.g004}

We also observed changes in PSII chlorophyll *a* fluorescence parameters using a FIRe fluorometer in cultures grown in sinusoidal light conditions. These were determined *ex situ* immediately after removal from their light environment. There was a significant reduction in the effective quantum yield of PSII in *npq4lhcsr1* compared to wild type after dawn ([Fig 5A](#pone.0179395.g005){ref-type="fig"}). Functional antenna size (sigma~PSII~, A^2^ quantum^-1^) changed very little across the light period, with *npq4lhcsr1* having a significantly reduced functional antenna size at the beginning of the light period only ([Fig 5B](#pone.0179395.g005){ref-type="fig"}). The rate of Q~B~ re-oxidation were also determined from the kinetics of fluorescence relaxation following a multiple turnover flash (MTF). Wild type and *npq4lhcsr1* cultures showed identical rates of Q~B~ re-oxidation throughout the day but oxidation times were longer at dawn and dusk than throughout the rest of the illumination period ([Fig 5C](#pone.0179395.g005){ref-type="fig"}). In contrast with sinusoidal light conditions, cultures grown in 12 hours 2134 μmol photons m^-2^ s^-1^ constant light, 12 hours dark in a ePBR displayed no differences in the effective quantum yield and functional antenna size of PSII, and a significant increase in Q~B~ re-oxidation 3 hours after dawn ([S5 Fig](#pone.0179395.s005){ref-type="supplementary-material"}).

![Photophysiology of photosystem II during growth in a sinusoidal light regime.\
(A) Effective quantum yield (*F*~*v*~*/F*~*m*~). (B) Functional antenna size (sigma~PSII~, A^2^ quantum^-1^). (C) Q~B~ re-oxidation kinetics (τ, μs). Data represents the mean ± SD (n = 3--4). Symbols (**\***) represent significant differences from wild type within light acclimated states based on an un-paired t-test (p \< 0.05).](pone.0179395.g005){#pone.0179395.g005}

Quantification of lipid peroxidation of wild type and *npq4lhcsr1* under continuous and sinusoidal light regimes {#sec021}
----------------------------------------------------------------------------------------------------------------

Thiobarbituric reactive substances (TBARS) were used to quantify the extent of lipid peroxidation in cultures acclimated to continuous and sinusoidal light regimes. Lipid peroxidation occurs predominantly through a reaction between ^1^O~2~ and membrane lipids and has been used previously as a marker for reactive oxygen species (ROS) mediated stress in *Chlamydomonas* \[[@pone.0179395.ref045]\]. TBARS normalized per cell increased from 50 μmol photons m^-2^ s^-1^ to the higher light levels, including sinusoidal light ([Fig 6](#pone.0179395.g006){ref-type="fig"}). *npq4lhcsr1* had significantly higher TBARS than wild type only when grown at 50 μmol photons m^-2^ s^-1^ ([Fig 6](#pone.0179395.g006){ref-type="fig"}).

![Thiobarbituric acid reactive substance (TBARS) concentrations per 10^7^ cell for wild type and *npq4lhcsr1* acclimated to different light regimes.\
Data represents the mean ± SD (n = 3--6). Symbols (\*) represent significant differences from wild type within light acclimated states based on an un-paired t-test (p \< 0.05).](pone.0179395.g006){#pone.0179395.g006}

Total organic carbon accumulation of wild type and *npq4lhcsr1* under a sinusoidal light regime {#sec022}
-----------------------------------------------------------------------------------------------

We measured total organic carbon (TOC) content and cell size during the light period to determine if the loss of qE impacted carbon accumulation. Wild type cultures had 8.6 ± 0.6 pg TOC cell^-1^ and an average cell volume of 118 ± 16 μm^3^ at dawn and ended the light period at 25.5 ± 2.8 pg TOC cell^-1^ and an average cell volume of 438 ± 45 μm^3^ ([Fig 7A and 7B](#pone.0179395.g007){ref-type="fig"}). *npq4lhcsr1* cultures had significantly more TOC (12.8 ± 2.5 pg TOC cell^-1^) and a similar cell volume to wild type cultures (149 ± 37 μm^3^) at dawn, but ended the light period at approximately the same pg TOC cell^-1^ (26.1 ± 5.9 pg TOC cell^-1^) and cell volume (420 ± 87 μm^3^) as wild type ([Fig 7A and 7B](#pone.0179395.g007){ref-type="fig"}). However, there was no statistical difference in total carbon accumulated over the course of the day between the two strains (16.8 ± 2.3, and 13.3 ± 4.6 pg TOC cell^-1^, for wild type and *npqlhcsr1*, respectively; p \> 0.05).

![Total organic carbon (TOC) accumulation across a 12 hour sinusoidal light regime.\
(A) shows pg TOC cell^-1^, (B) shows Cell volume (μm^3^) of cells measured and (C) shows pg TOC normalized to cell volume. Data represents the mean ± SD (n = 5). Symbols (\*) represent significant differences between wild type and *npq4lhcsr1* for each time point based on an un-paired t-test (p \< 0.05).](pone.0179395.g007){#pone.0179395.g007}

Patterns of cell division {#sec023}
-------------------------

We did not observe any significant cell divisions for either strain during the light period in our sinusoidal cultures ([S2 Fig](#pone.0179395.s002){ref-type="supplementary-material"}). We assayed the number of cell fission events during three consecutive nights in wild type and *npq4lhcsr1* and observed that wild type underwent a greater number of multiple fission events per cell than *npq4lhcsr1* ([Fig 8](#pone.0179395.g008){ref-type="fig"}). This indicates that the reduced growth phenotype observed is due to a reduction in division number per cell at night.

![Distribution of cell divisions per progenitor cell during growth in sinusoidal light conditions.\
Cell division number was quantified for 3 consecutive days in single replicate wild type (A) and *npq4lhcr1* (B) cultures. Wild type cells averaged 2.2 divisions per night and *npq4lhcsr1* averaged 1.9 divisions per night across the three nights measured.](pone.0179395.g008){#pone.0179395.g008}

Discussion {#sec024}
==========

LHCSR is required for qE in green algae, diatoms and presumably all algae with an LHC-based light harvesting antenna \[[@pone.0179395.ref021], [@pone.0179395.ref053], [@pone.0179395.ref054]\]. Previous work on the qE deficient mutant, *npq4*, showed that absence of LHCSR3 leads to a 50% reduction in NPQ capacity and this capacity could be recovered by complementation \[[@pone.0179395.ref021]\]. This lead to the hypothesis that LHCSR3 and LHCSR1 both could mediate qE in *Chlamydomonas*. Characterization of the *npq4lhcsr1* mutant indicates that complete loss of all of the LHCSR proteins ([Fig 1A](#pone.0179395.g001){ref-type="fig"}) correlated with a lack of rapidly inducible and reversible NPQ ([Fig 1B](#pone.0179395.g001){ref-type="fig"}). This indicates that LHCSR3 and LHCSR1 proteins both contribute to qE and this result is corroborated in other recently published studies \[[@pone.0179395.ref022], [@pone.0179395.ref055], [@pone.0179395.ref056]\].

Previous studies in *Chlamydomonas* have dissected the sensitivity of NPQ deficient mutants to light stress \[[@pone.0179395.ref021]--[@pone.0179395.ref023], [@pone.0179395.ref025], [@pone.0179395.ref045], [@pone.0179395.ref055]\]. Observations of *npq4* have shown that qE is important for maintaining fitness during a single step increase in light intensity \[[@pone.0179395.ref021], [@pone.0179395.ref023]\]. However, *npq4* displayed no significant reduction in exponential growth under continuous irradiances of 325 μmol photons m^-2^ s^-1^ \[[@pone.0179395.ref021]\]. We found that an absence of qE was associated with a small, but significant reduction (11%) in exponential growth rates only when acclimated to a continuous irradiance of 860 μmol photons m^-2^ s^-1^ ([Fig 2A](#pone.0179395.g002){ref-type="fig"}). Analogous experiments on a qE-deficient, PsbS mutant of *Arabidopsis thaliana*, *npq4*, observed similarly weak phenotypes under high light acclimated laboratory conditions \[[@pone.0179395.ref057]\]. Interestingly, photoprotective pigment mutants of *Chlamydomonas* lacking lutein or zeaxanthin and lutein show reduced growth rates compared to wild type cells at moderate light intensities of 350 μmol photons m^-2^ s^-1^ \[[@pone.0179395.ref025]\]. This may be due to their dual role in directly quenching excitation energy \[[@pone.0179395.ref027]\] and also their ability to quench ^1^O~2~ in the thylakoid membrane and reduce oxidative stress \[[@pone.0179395.ref003]\].

Photoacclimation to steady-state excess light with and without qE {#sec025}
-----------------------------------------------------------------

Our wild type light acclimation phenotype mirrored previous observations in *Chlamydomonas* whereby total chlorophyll content per cell decreases with increasing irradiance and maximal capacity for photosynthesis increases as do growth rates (Tables [1](#pone.0179395.t001){ref-type="table"} & [2](#pone.0179395.t002){ref-type="table"}) \[[@pone.0179395.ref021], [@pone.0179395.ref058]\]. Previous studies performed at 400 μmol photons m^-2^ s^-1^ constant light revealed a decrease in the PSI:PSII ratio and a change in the ratio of LHCs relative to low light \[[@pone.0179395.ref058]\]. We also acclimated our cultures to continuous light at 860 μmol photons m^-2^ s^-1^, which is in excess of the two aforementioned studies. In this condition, the chlorophyll *a*:*b* ratio of wild type cells was significantly increased relative to low light acclimated cultures. Chlorophyll *a* is only present in reaction centers and LHC proteins contain both chlorophylls *a* and *b* \[[@pone.0179395.ref001]\]. These results contribute to the suggestion that *Chlamydomonas* acclimates to excess light conditions by reducing the number of LHC proteins associated with each reaction center at very high light intensities. We did not directly investigate changes in protein composition during steady state growth.

The *npq4lhcsr1* produces more singlet oxygen compared to wild type cells, following a shift from 400 to 1600 μmol photons m^-2^ s^-1^ \[[@pone.0179395.ref022]\]. This increase in reactive oxygen species generation explains the observed decrease in *F*~*v*~*/F*~*m*~ over several days growth in excess light reported in the same study. We found that *F*~*v*~*/F*~*m*~ was also lower in *npq4lhcsr1* compared to the wild type in cells grown in 400 and 860 μmol photons m^-2^ s^-1^, suggesting that even fully acclimated cells experience photodamage due to a lack of qE. Despite this clear inhibition of PSII, we did not observe major changes in the photosynthetic capacity at low light (α) and irradiance at photosynthetic saturation (I~k~), regardless of growth irradiance. We did observe a slight, but statistically significant reduction in P~max~ at 860 μmol photons m^-2^ s^-1^ during short term assays ([Fig 3](#pone.0179395.g003){ref-type="fig"} and [Table 2](#pone.0179395.t002){ref-type="table"}). Additionally, we found no difference in the ability of cells to maintain open reaction centers during the *ex situ* assay of photosynthetic capability (1-qL, [Fig 3](#pone.0179395.g003){ref-type="fig"}). The sum of these results suggest that, while a lack of qE certainly affects light harvesting at the level of PSII, there is minimal detriment to the overall process of photosynthesis during growth in constant light.

The rest of our discussion relates to our novel observations of photophysiology in a changing light environment.

Lack of qE results in distinct responses to sinusoidal light {#sec026}
------------------------------------------------------------

The absence of LHCSR appears to alter the photosynthetic apparatus when cells are grown in a changing, sinusoidal light regime. The following observations were all made 6 hours into the light period, corresponding to the highest light intensity of the day. *npq4lhcsr1* displayed a large increase in P~max~ and α was 71% relative to wild type when normalized by cell. The mutant appeared to have an increase in the PSII:PSI ratio relative to wild type, as estimated by changes in the relative abundance of the D2 and PsaC proteins, respectively.

Decreases in the chlorophyll *a*:*b* ratio suggested an increase in the relative content of antenna relative to the photosystems if LHCSR was absent. However, this is a bulk measurement that could be associated with either photosystem. We also observed an increase in the relative abundance of D2 in *npq4lhcsr1*. This, in conjunction with no differences observed in PSII antenna protein Lhcb2, suggests a decrease in the antenna size of PSII in the mutant. But we note the Lhcb2 antibody was designed for use in *Arabidopsis* and while it recognizes LHCs in *Chlamydomonas*, it may recognize LHCs other than those associated with PSII. Estimations of the functional antenna size measurements using FIRe fluorescence techniques found no significant difference between wild type and *npq4lhcsr1* at midday ([Fig 5B](#pone.0179395.g005){ref-type="fig"}). Cumulatively, these observations indicate that absence of LHCSR impacts photoacclimation and likely alters the architecture of the light harvesting apparatus.

Alternate energy dissipation strategies may compensate for the loss of qE in sinusoidal light {#sec027}
---------------------------------------------------------------------------------------------

If excess light energy is unable to be dissipated as heat when light fluxes increase, then the plastoquinone pool may become more reduced at lower light fluxes in *npq4lhcsr1* compared to the wild type strain. To estimate the redox state of the PQ pool, we looked at the proportion of closed PSII reaction centers during rapid light curves (1-qL, \[[@pone.0179395.ref040]\]). We found that *npq4lhcsr1* cells maintained a PQ pool with a redox state comparable to wild type cells during a rapid light curve protocol. This could be due to an increased flux of electrons through alternate electron transport pathways mediated by the plastid terminal oxidase (PTOX, \[[@pone.0179395.ref059]\]), the mitochondrial Alternative Oxidase (AOX, \[[@pone.0179395.ref060]\]), or the Mehler reaction \[[@pone.0179395.ref061]\]. These mechanisms are known to be important for reducing the occurrence of oxidative damage during stress.

Alternately, *npq4lhcsr1* may maintain an equivalent PQ redox state to wild type by altering its LHCSR independent NPQ. qT capacity, which can quench excess energy by facilitating LHCII aggregation \[[@pone.0179395.ref017], [@pone.0179395.ref018]\], may be increased in *npq4lhcsr1*, but the lack of NPQ relaxation observed on filtered samples exposed to far red light does not support this hypothesis ([S1 Fig](#pone.0179395.s001){ref-type="supplementary-material"}). qZ or qI may also compensate for loss of qE in *npq4lhcsr1*. qZ takes tens of minutes to relax and occurs through the pH dependent accumulation of zeaxanthin in the thylakoid membranes antenna \[[@pone.0179395.ref014]\]. qI reflects quenching due to photodamage to the PSII D1 protein and can take greater than 30 minutes for full recovery \[[@pone.0179395.ref011]\]. In our sinusoidal light experiment, we observed minor reductions in *F*~*v*~*/F*~*m*~ (\~0.6 after 6 hours in the light, vs. \~0.7 at dawn), so we cannot rule out that qZ or qI plays a role in quenching excess light energy in the mutant ([Fig 5A](#pone.0179395.g005){ref-type="fig"}). Neither zeaxanthin accumulation nor D1 damage and repair rates were measured in this study.

Photosynthetic cells can also utilize energy that is in excess of that used for growth by funneling reduced carbon to storage metabolites like starch or triacylglycerol \[[@pone.0179395.ref062], [@pone.0179395.ref063]\]. Reducing the capacity to make or utilize these energy storage compounds can result in increased photoinhibition in plants, suggesting a strong interaction between light harvesting and central metabolism \[[@pone.0179395.ref064]\]. We observed no change in the accumulation of organic carbon over the course of the day (16.8 ± 2.3, and 13.3 ± 4.6 pg TOC cell^-1^, for wild type and *npqlhcsr1*, respectively; p \> 0.05). This shows that the relatively high P~max~ observed in the *npq4lhcsr1* mutant in the short term rapid light curve assay does not translate to more biomass. However, we only tested photosynthetic capacity at solar noon, so there may be other changes in photosynthetic efficiency that occur throughout the day that are not captured in our observations. It also suggests that relatively low levels of PSII photoinhibition observed by fluorescence techniques did not impact overall biomass accumulation during the day. This may not be surprising because the Rubisco activity of cells, and not light harvesting capacity, likely sets the maximal rates of carbon fixation during excess light \[[@pone.0179395.ref065]\].

Potential costs associated with no qE {#sec028}
-------------------------------------

Based on the reduced *F*~*v*~*/F*~*m*~ observed in *npq4lhcsr1* relative to wild type, we conclude that damage to PSII reaction centers occurred ([Table 2](#pone.0179395.t002){ref-type="table"}, [Fig 5A](#pone.0179395.g005){ref-type="fig"}). Degradation and re-synthesis of photo damaged D1 protein is an ATP dependent process \[[@pone.0179395.ref066]--[@pone.0179395.ref069]\]. Energetic costs associated with photoinhibition may be further increased due to the maintenance of a larger pool of amino acids and ribosomes for elongating the D1 polypeptides for insertion to PSII reaction centers \[[@pone.0179395.ref069]\]. To compensate for increased ATP demand associated with photoinhibition, *npq4lhcsr1* mutants may have higher relative rates of cyclic electron transport and mitochondrial respiration \[[@pone.0179395.ref063], [@pone.0179395.ref070], [@pone.0179395.ref071]\]. While cyclic electron transport was not measured in this study, dark respiration rates measured 6 hours after dawn were increased in the mutant compared to WT. This suggests that the absence of qE may increase the metabolic burden associated with repair to damaged cellular components.

We investigated if the reduction in the growth rates of *npq4lhscsr1* relative to wild type in sinusoidal conditions was due to changes in cell divisions at night. *Chlamydomonas* cells grown under day:night cycles display synchronous cell division, whereby organic carbon stores and cell size increases during the day ([Fig 5](#pone.0179395.g005){ref-type="fig"}) \[[@pone.0179395.ref072]--[@pone.0179395.ref074]\]. Cells then divide at night by multiple fission events (2^n^), where n is the number of cell divisions that occurs in each progenitor cell \[[@pone.0179395.ref073], [@pone.0179395.ref074]\]. We examined wild type and *npq4lhcsr1* cell division number across 3 days by assaying cell division number from an individual mother cell after dark incubation on plates \[[@pone.0179395.ref050]\]. Using this technique, we observed a higher proportion of *npq4lhcsr1* cells undergo single divisions relative to wild type ([Fig 8](#pone.0179395.g008){ref-type="fig"}). This observation, coupled with our biomass accumulation results, indicates that the reduced growth rate phenotype observed is not due to a reduced capacity to fix carbon, but instead because of a reduction in cell divisions at night. Additionally, we observed no changes in growth rate between the wild type and mutant when cells were grown at 2134 μmol photons m^-2^ s^-1^ on a 12 hour day:night cycle ([S4 Fig](#pone.0179395.s004){ref-type="supplementary-material"}). This suggests that there is a metabolic penalty associated with an inability to perform qE under sinusoidal light conditions. Our measurements of respiration at noon suggest that there is a higher metabolic rate per cell in the mutant compared to the wild type ([Table 2](#pone.0179395.t002){ref-type="table"}), but this increase in respiration was not consistently observed at night ([S3 Fig](#pone.0179395.s003){ref-type="supplementary-material"}). More energy could be required to repair macromolecules damaged by oxidative stress, but our measurements of TBARS suggest that there is no increase in peroxidated macromolecules at noon ([Fig 6](#pone.0179395.g006){ref-type="fig"}). However, this measurement of steady state damage products does not take into account active repair processes or the production of additional defenses against oxidative stress such as antioxidant enzymes and small molecules \[[@pone.0179395.ref075]\]. Maintaining these enzymes, antioxidants and the affiliated machinery to produce them (as discussed above for D1 replacement) may also reduce the amount of carbon and energy available for cell divisions at night.

In summary, the results from our sinusoidal light experiments show that a lack of qE capacity in *Chlamydomonas* leads to a reduction in daily growth rates, but this is not due to a decrease in carbon accumulation during the day. However, there is some metabolic penalty associated with no qE which leads to reduced cell division rates at night. The *Arabidopsis thaliana* qE-less *npq4* mutant grown in the field had a lower seed production compared to wild type, but similar vegetative biomass production \[[@pone.0179395.ref076]\]. These results highlight the importance for assaying the physiology of photosynthetic mutants in more realistic environments to determine the true impact of a given process on growth and survival.

Engineering NPQ to increase photosynthetic productivites in mass culture {#sec029}
------------------------------------------------------------------------

Algae growing in dense culture experience rapid changes in the light environment that are superimposed on the daily sinusoidal light cycle \[[@pone.0179395.ref077]\]. The amount of time spent in the dark or sub-saturating light levels relative to the amount of time spent in excess light influences the photoacclimation process and NPQ induction. Improving photosynthetic efficiency in response to their growth conditions has been a major goal of algal bioengineering \[[@pone.0179395.ref078], [@pone.0179395.ref079]\]. *Chlamydomonas* cells spending more time in the dark show signs of low light photoacclimation and accumulate less LHCSR3 relative to those grown in scenarios with longer periods of excess light or in constant light \[[@pone.0179395.ref080]\]. Cells acclimated to high density and fluctuating light conditions also exhibited lower biomass productivities, which was presumed to be due to the increase in energy required to repair photodamage \[[@pone.0179395.ref080]\]. These results suggested that high light photo-acclimation responses such as the induction of qE capacity are required to maintain high productivities in industrial situations.

However, the down regulation or absence of light energy dissipation pathways in algae and cyanobacteria may result in higher biomass productivities overall. It has been hypothesized that the slow reversal of NPQ during the transition to low light conditions may reduce the conversion efficiency of photons to biomass. So, it may be that reducing NPQ capacity may result in more biomass accumulation \[[@pone.0179395.ref077]\]. Indeed, Peers (2015) found that the deletion of the OCP protein, responsible for NPQ in the phycobillisome of many cyanobacteria, resulted in a 30% increase of biomass accumulation in dense cultures of *Synechocystis* vs. wild type cells in conditions that mimicked outdoor light environments \[[@pone.0179395.ref081]\]. Furthermore, it appeared that the *npq4* strain of *Chlamydomonas* also accumulated more biomass not only in constant moderate light (200--800 μmol photons m^-2^ s^-1^) but also in rapidly oscillating light relative to wild type cells \[[@pone.0179395.ref022]\]. This difference was not observed in the mutant *npq4lhcsr1* strain grown at 200--400 μmol photons m^-2^ s^-1^ constant light \[[@pone.0179395.ref022]\]. We highlight that these experiments on *Chlamydomonas* were carried out without a day:night cycle and therefore reduction in growth associated with nighttime divisions would not have been observed.

We observed no significant differences in biomass accumulation during the day between wild type and *npq4lhcsr1* cells in our sinusoidal light conditions ([Fig 7A](#pone.0179395.g007){ref-type="fig"}), but an overall reduced growth rate across days due to fewer nightly cell divisions (Figs [2A](#pone.0179395.g002){ref-type="fig"} and [8](#pone.0179395.g008){ref-type="fig"}). We note that our conditions resemble a low biomass photobioreactor as significant amounts of light still penetrated the entire culture ([Fig 2B](#pone.0179395.g002){ref-type="fig"}, \[[@pone.0179395.ref038], [@pone.0179395.ref039]\]). The relative productivities could change with increasing cell density, mixing rates or nutrient status, which can affect cell physiology or light distribution. Our observations suggest that manipulating the kinetics or capacity of NPQ may be a promising strategy for improving photosynthetic efficiency in algae and plants \[[@pone.0179395.ref078], [@pone.0179395.ref082], [@pone.0179395.ref083]\], but the complex environment associated with production conditions may negate promising predictions based off experiments done in simple lab environments \[[@pone.0179395.ref077]\].

Supporting information {#sec030}
======================

###### NPQ of chlorophyll fluorescence and 1-qL for wild type and *npq4lhcsr1* acclimated to different light levels.

Wild type (closed circles) and the *npq4lhcsr1* mutant (open squares) acclimated to either 50 (A-D), 400 (E-H) and 860 μmol photons m^-2-^ s^-1^ (I-L) were exposed to an actinic light level of 600 (A, E, I, B, F, J) or 2005 (C, G, K, D, H, L) μmol photons m^-2-^ s^-1^ (white bars) followed by 10 minutes darkness (black bar) and far red light illumination to re-associate LHCII with PSII (state 1 transition) by preferentially driving PSI charge separation. Data represent means ± s.d. (n = 3).

(TIF)

###### 

Click here for additional data file.

###### Cell densities used for total organic carbon (TOC) measurements.

\(A\) Average cell densities for wild type and *npq4lhcsr1* across a single day (n = 5). (B) Individual measurements for wild type and *npq4lhcsr1*.

(TIF)

###### 

Click here for additional data file.

###### Respiration rates at night in a sinusoidal light regime.

Respiration rates in wild type (black circles) and *npq4lhcsr1* (open squares) were measured immediately after sampling at 20 minutes before and after the night period and 0.5, 1.5, 3, 6, 9, 10.5 and 11.5 hour after dusk. Data represents the mean ± SD (n = 3). Symbols (\*) represent significant differences between wild type and *npq4lhcsr1* for each time point based on an un-paired t-test (p \< 0.05).

(TIF)

###### 

Click here for additional data file.

###### Growth rates in ePBRs under a constant 2134 μmol photons m^-2-^ s^-1^ on a 12 hour day:Night light regime.

\(A\) Natural log of cell densities across 2 days of growth for biological replicates (A-C) of wild type and *npq4lhcsr1*.(B) Growth rate per day. Data in B represents the mean ± SD (n = 3).

(TIF)

###### 

Click here for additional data file.

###### Photophysiology of photosystem II in ePPRs during growth in constant2134 μmol photons m^-2-^ s^-1^ on a 12 hour day:Night light regime.

\(A\) Fv/Fm (B) Functional antenna size (sigma~PSII~, A^2^ quantum^-1^). Q~B~ re-oxidation kinetics (τ, μs). Data represents the mean ± SD (n = 3). Symbols (**\***) represent significant differences from wild type within each timepoint based on an un-paired t-test (p \< 0.05).

(TIF)

###### 

Click here for additional data file.

###### Cantrell peers supporting.

Excel file containing original data associated with this manuscript.

(XLSX)

###### 

Click here for additional data file.
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